Recovery of DNA from teeth exposed to various temperatures by Federchook, Taylor Joan
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2017
Recovery of DNA from teeth
exposed to various temperatures
https://hdl.handle.net/2144/26625
Boston University
 BOSTON UNIVERSITY 
SCHOOL OF MEDICINE 
 
Thesis 
 
RECOVERY OF DNA FROM TEETH EXPOSED TO VARIOUS 
TEMPERATURES 
 
by 
 
TAYLOR JOAN FEDERCHOOK 
B.S., West Virginia University, 2015 
 
 
 
 
Submitted in partial fulfillment of the 
requirements for the degree of 
Master of Science 
2017 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2017 by 
TAYLOR JOAN FEDERCHOOK 
All rights reserved 
 
 Approved by 
 
 
 
First Reader  
 Catherine M. Grgicak, M.S.F.S., Ph.D. 
Assistant Professor, Program in Biomedical Forensic Sciences  
 Department of Anatomy & Neurobiology 
  
  
Second Reader  
 James T. Pokines, M.A., Ph.D., D.-A.B.F.A. 
Associate Professor, Program in Forensic Anthropology 
Department of Anatomy & Neurobiology 
  
  
  
 
 
iv 
 
ACKNOWLEDGMENTS 
I would like to thank Dr. Catherine Grgicak for all of her help and support 
throughout my thesis work and my time at Boston University School of Medicine. I 
would also like to thank Dr. James Pokines for suggesting this project, allowing me to 
work on this project and his guidance during the entire process. In addition, I thank Dr. 
Donald Siwek and Dr. Kate Crowley, Office of the Chief Medical Examiner, Boston, 
MA, for the opportunity to work with them. Lastly, I would like to thank the faculty of 
the Biomedical Forensic Sciences Program for all of their guidance throughout my time 
in the program and all my friends and family for their continued love and support. 
 
 
v 
RECOVERY OF DNA FROM TEETH EXPOSED TO VARIOUS 
TEMPERATURES 
 
 
TAYLOR JOAN FEDERCHOOK 
ABSTRACT 
In situations of mass disaster (1), which include airline crashes (2), terrorist 
attacks (2), large fires (3), and mass homicide (4), the human remains are often damaged 
beyond recognition (5). In these cases, bones and teeth are potentially the only acceptable 
source of deoxyribonucleic acid, or DNA (6). Previous studies have evaluated a plethora 
of techniques to purify DNA from hard tissue, but there is no consensus on the optimal 
process by which to extract and purify DNA from these samples. Not only are hard tissue 
samples difficult to process, in many cases the samples are subjected to extreme 
environmental conditions, such as high temperature. Thus, there is interest in obtaining 
information on DNA quality from samples exposed to high temperatures (7). This work 
hopes to fill the gap by: 1) optimizing a DNA extraction protocol from hard tissue; and 2) 
measuring the degree to which the DNA is degraded in an effort to link the quantity and 
quality of the DNA recovered to the outer appearance of the tooth. 
To accomplish this, individual teeth were burned in a furnace at 100 °C, 200 °C, 
300 °C, 400 °C, 500 °C, and 600 °C for 10, 20, and 30 minutes. The optimal extraction 
procedure utilized Amicon® Ultra-4 Centrifugal 30K filter devices and the QIAGEN 
MinElute Polymerase Chain Reaction (PCR) Purification Kit. Samples were quantified 
using the Quantifiler
®
 Trio quantification kit to obtain the quantity and quality metrics. 
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After heat exposure, each tooth was photographed and subsequently given a color 
designation or value: light yellow to beige teeth were assigned a value of 1; dark yellow 
to orange were assigned a value of 2; brown was assigned a value of 3; shiny black was 
assigned a value of 4; and black to light gray teeth were assigned a value of 5. Both 
carbonization and the early stages of calcination were observed. The mass of DNA per 
mass of tooth was determined by examining quantitative PCR (qPCR) results for both a 
large and small autosomal fragment. The degradation index, or DI, was also calculated 
from qPCR measurements. 
The results demonstrate a strong correlation between the quantity of DNA 
recovered, the quality of the DNA obtained, and the designated color value. The highest 
recovery rates were obtained from teeth assigned a color value of 1 (unaltered beige) or 2 
(yellow to orange). These teeth were exposed to either room temperature, 100 °C or 200 
°C. At temperatures exceeding 300 °C, the amount of DNA recovered drastically 
decreased and was inconsistent. Some of the samples subjected to temperatures at and 
above 300 °C resulted in no quantifiable DNA. In contrast, the DI results suggested that 
when the teeth were subjected to temperatures ≤ 100 °C, the quality of the DNA was 
good, wherein the DI value was approximately 1. At 200 °C, the temperature began to 
impact the DI value, which increased with time to the point where a DI was no longer 
able to be calculated because the large autosomal fragment could not be detected.  
In conclusion, the current work compares five different methods of DNA 
extraction to establish a best practice extraction procedure for these difficult samples. 
Furthermore, this work suggests that examination of the tooth’s appearance can be used 
vii 
to deduce whether successful DNA recovery is likely. In summary, the results 
demonstrate that when the tooth sample was assigned a color value of 1, the quantity and 
quality of the DNA obtained was high. Once the color value of the sample rose to 2, the 
quantity and quality of DNA varied greatly and the probative value of the sample was 
diminished. Samples that exhibited large color changes or had begun the calcination 
process resulted in no recoverable DNA. 
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1. Introduction 
1.1 Forensic Relevance of DNA Recovery from Bone and Teeth 
 Within the context of forensic identity, deoxyribonucleic acid (DNA) analysis 
includes the following steps: extraction, quantification, amplification, and fragment 
separation (5). Extraction is the process by which cells are lysed and DNA is released 
into solution (5). Quantification measures the quantity of DNA recovered from extraction 
(5), while amplification targets, and exponentially amplifies, specific locations in the 
DNA, termed loci, which contain short tandem repeats (STRs) (5). The analysis of STRs 
is the mainstay in forensic analysis because they are polymorphic and are relatively short 
in length (i.e. 3 - 5 base pairs [bp] in length) (5). Fragment separation of the amplicons is 
then achieved using capillary electrophoresis and laser-induced fluorescence (5).  
There are many types of samples that may be encountered in forensic operations. 
The success of acquiring amplifiable DNA is dependent upon the substrate from which 
the sample was collected and the sample type (5). For example, successful extraction of 
amplifiable DNA from bones and teeth is fraught with complications associated with 
inefficient DNA extraction (2), inhibition (6), and sample decay (8). There are occasions, 
however, where they may be the only samples available and the only potential source of 
DNA (5). In situations of mass disaster (1), including airline crashes (2), terrorist attacks 
(2), and large fires (3), as well as instances of mass grave recoveries (4), human remains 
can be damaged beyond recognition, making victim identification difficult. In these 
cases, bones and teeth could be the only mechanism by which identification can occur 
(6).  
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Teeth have a specific structure (Figure 1), and knowing where DNA is primarily 
located within the tooth is necessary when engineering an ideal sampling technique. The 
crown is the portion of the tooth that is exposed in the mouth whereas the root is encased 
in the alveolar bone of the maxilla and mandible (6). The roots of the tooth, which are 
mostly composed of cementum, dentine, and pulp, have been shown to contain more 
DNA than the crown portion (9). The enamel, which covers the crown, is the hardest 
tissue in the human body and provides a physical barrier that protects underlying cells 
(6). This physical barrier provides protection against external assaults on the DNA, such 
as UV (ultraviolet) light, moisture, microbial life, and heat (6). 
 
Figure 1. Tooth structure. The illustration depicts a human mandibular molar sectioned 
buccolingually. From Higgins and Austin, 2013 (6). 
Furthermore, hard tissue such as bones and teeth burn in very characteristic ways, 
which could help in determining the value of the sample. The process of burning organic 
matter involves the combustion of the hard tissue (10). During combustion, there is a 
gradual breakdown of the organic molecules into carbon, which eventually results in the 
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loss of carbon. Carbonization is the process of breaking down complex organic 
substances (10), in which oxygen and hydrogen are released leaving carbon as a product. 
Since carbon is black in color, evaluation of the color of the tooth sample can 
successfully indicate if carbonization has occurred. Calcination is the process in which 
carbon is released from the organic molecules and combines with oxygen to form either 
carbon dioxide or carbon monoxide. The remaining material from the hard tissue is the 
original inorganic portion of the tooth, hydroxyapatite, which is naturally white in color 
(10); therefore, bone undergoing calcination turns dark gray, to lighter shades of 
gray/blue, and finally white. Therefore, the color of the bone or tooth that is exposed to 
high temperatures is a result of the duration, the temperature of exposure, and the amount 
of oxygen available (11, 12) in the system. 
Shipman et al. (13) evaluated the coloration of bones and teeth after they were 
exposed to increased temperatures and observed a progressive change in coloration with 
increased temperature. Similarly, Beach et al. (14) observed that combustion of tooth 
material results in a spectrum of color changes that result from carbonization and 
calcination. At lower temperatures (up to 200 °C), the tooth will remain, or turn, a neutral 
white to dark yellow color. Upon exposure to higher temperatures (300 °C to 400 °C), the 
tooth will turn dark reddish brown and then a glossy black color, indicating 
carbonization. Finally, the tooth will turn gray-blue (500 °C to 600 °C) and white to 
indicate calcination at temperatures higher than 645 °C (13-15). Similar results were also 
obtained by Bonucci et al. (16), in which they determined that it is possible, to an extent, 
to relate the color of the sample to the temperature of exposure. These studies indicate 
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that the appearance of the sample can indicate the temperature range to which the sample 
was exposed. 
There are many situations in which it is a necessity to understand best practices 
for obtaining DNA from hard tissue. For example, the American Airlines Flight 587, 
which crashed in Queens, NY on November 12, 2001, required DNA analysis of human 
skeletal remains (2). Out of 442 skeletal remains tested, Holland et al. (2) obtained 323 
(73.1%) full profiles. Furthermore, the terrorist attacks on the World Trade Center on 
September 11, 2001 required DNA analysis of thousands of samples. Using the same 
DNA analysis protocols, Holland et al. (2) demonstrated that of 12,849 samples that were 
fully processed, only 3,500 (27.2%) generated full profiles. A total of 4,404 samples 
(34.3%) gave no results. Holland et al. (2) then re-structured the extraction protocol by 
using a larger amount of bone and ethylenediaminetetraacetic acid (EDTA) to 
demineralize the samples. These modifications to the extraction procedure helped 
generate an additional 542 full profiles (2). However, the high numbers of negative 
results demonstrate the importance of developing a viable and effective extraction 
technique for these sample types. This further demonstrates the importance of 
implementing a protocol that will likely produce informative profiles. Many extraction 
techniques are available to the forensic community; as such, it can prove difficult to 
know, a priori, which technique is most efficient. Furthermore, as shown by Holland et 
al. (2), optimization of extraction procedures can produce positive outcomes for these 
difficult samples. 
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The analysis of DNA is regularly used to identify victims of mass disasters. For 
example, a tsunami in South East Asia in December 2004 resulted in many deaths and the 
need to identify victims (1). Though a significant portion could be identified through 
fingerprinting or odontology, there were cases in which DNA analysis of tissue or bone 
was required (1). Two specific cases demonstrated that when only analyzing bone 
marrow or soft tissue, incorrect identifications were made, and it was only when the hard 
tissue of bone or tooth was analyzed that correct identifications were obtained (1). DNA 
has also been successfully recovered from bones and teeth that have been buried for years 
in mass graves (4, 17, 18). For example, DNA has been recovered from the skeletal 
remains of victims from mass graves that date back to the Second World War (WWII), 
where genetic profiles were obtained for 98% of the skeletal remains from a mass grave 
in Slovenia (4). Pajnič et al. (4) continued their research and obtained up to 55 
ngDNA/gtooth when analyzing two teeth from a mass grave in Slovenia (17). Furthermore, 
Pajnič et al. (18) compared three new STR amplification chemistries with bone and teeth, 
analyzing a total of 102 samples, including 18 teeth, from five WWII mass graves in 
Slovenia and successfully extracted up to 94 ngDNA/gtooth. All samples, except one, gave 
full profiles.   
Lastly, fire victim identification by using hard tissue can be crucial. In a case 
study highlighted by Calacal et al. (3), DNA analysis of bone samples was used to 
identify two individuals involved in a fatal fire. In this case, identification by 
conventional means was not sufficient and the only available option was DNA analysis of 
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the hard tissue. Extraction of DNA from bones, resulted in a successful identification for 
each victim.  
In summary, previous research has demonstrated the importance of DNA analysis 
for victim identification in situations such as mass disasters and large-scale tragedies. 
Therefore, it is imperative to know how to best handle such samples so that probative 
results are attained. 
1.2 Sample Preparation of Bone and Teeth 
 When processing bone and teeth, the DNA “pipeline” can vary between 
laboratories. In many mass disasters or mass graves, the comingling of specimens 
requires additional steps be included at the early stages of DNA processing. Thus, to 
minimize contamination, much care is taken to remove exogenous DNA from the outside 
of the bone or tooth. There are numerous methods by which to accomplish this task. For 
example, physical removal of the outside of the bone or tooth surface by grinding or 
scraping has been used as a cleaning method (19). Other methods include the immersion 
of the tooth or bone in sodium hypochlorite for extended periods (19, 20) or exposure of 
the surface to UV light (18, 21).  
Once exogenous DNA is removed from the surface, the DNA must be extracted 
and purified. One way to prepare these hard materials for processing is to pulverize the 
bone. The mechanism by which this is accomplished varies between laboratories. For 
example, Hervella et al. (22) investigated three drilling procedures to access the dental 
pulp, including cutting the tooth top down from the crown, cutting diagonally under the 
crown, and cutting at the cemento-enamel junction, which separates the crown from the 
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root of the tooth. It was determined that cutting diagonally under the crown and filing to 
expose the dental pulp was most successful with present-day and prehistoric samples, 
yielding concentrations of up to 0.43 ng/µL of DNA (22). Sweet et al. (23) used a freezer 
mill with liquid nitrogen to pulverize the entire tooth. By using this cryogenic grinding 
method they were able to obtain an average of 18.4 µgDNA/gtooth. The use of the freezer 
mill increased the ability of the laboratory to control contamination because of closed 
conditions and easy clean up (23). Furthermore, more simplistic mechanisms have been 
used, such as crushing the hard tissue with a hammer; Tsuchimochi et al. (24) were able 
to obtain PCR results for teeth burned up to 300 °C with this method. Lastly, Pajnič et al. 
(18) obtained up to 94 ngDNA/gtooth powder when a TissueLyser homogenizer was used to 
pulverize the tooth. Since there are multiple ways with which to prepare bones and teeth 
for the DNA extraction process, it is necessary to determine which method is best suited 
for samples exposed to different depositional environments.   
1.3 Extraction of DNA from Bone and Teeth Samples 
 DNA can be extracted from hard tissue in multiple ways; some of the more 
common techniques include organic and silica-based purification (6). A study conducted 
by Tsukada and Harayama (25) on teeth buried in soil for over 60 years used a silica-
based column purification method and were able to recover between 0.0004 ng/µL and 
0.292 ng/µL of DNA. Overall, Tsukada and Harayama (25) demonstrated that a silica-
based extraction can successfully recover sufficient quantities of DNA from teeth. In 
comparison, the study completed by Remualdo (26) showed that approximately 50% of 
the teeth, which were subjected to elevated temperatures of 200 °C and 400 °C for 60 
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minutes were successfully typed when an organic purification method was used. That 
number decreased to 38% when the Remualdo (26) used an isopropyl alcohol extraction 
and diminished to no amplifiable results when a silica-based extraction was implemented. 
When mitochondrial DNA (mtDNA) was investigated, only mtDNA was successfully 
detected at higher temperatures (i.e. 500 and 600 °C). Pajnič (17) purified DNA from 
bones and teeth buried in soil since WWII using an automated silica-based magnetic bead 
procedure and obtained up to 55 ng of DNA/g of tooth demonstrating that profiles can be 
obtained when using silica-based extraction techniques on hard tissue, corroborating the 
findings of Tsukada and Harayama (25). 
 Chelex extraction of hard tissue has also been explored. Tsuchimochi et al. (24) 
used a 5% Chelex
® 
based extraction method when examining the effects of temperature 
on teeth and demonstrated that, at 300 °C, they were able to obtain PCR products for 
each locus for most samples. 
In a similar vein, it has been suggested that implementing a decalcification or 
demineralization step results in improved downstream results (17, 27, 28). 
Demineralization may be accomplished by soaking the sample in EDTA (17). After 
demineralization, organic and silica-based extraction protocols are the preferred methods 
by which to purify DNA (6). Several studies have evaluated the efficiency of the methods 
to successfully purify DNA from these materials (27-29). In brief, Jakubowska et al. (29) 
examined using: 1) a classic phenol-chloroform organic extraction; 2) decalcification 
with EDTA followed by organic extraction; and 3) total demineralization, or complete 
dissolving of the bone powder, followed by a concentration step. They demonstrated that 
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total demineralization had the highest recovery of DNA: 14,926.37 ng per 500 mg of 
bone powder. Loreille et al. (27) examined a demineralization technique in comparison to 
organic purification with concentration and demonstrated higher recoveries of DNA with 
total demineralization of up to 10,668 pg/µL. Moreover, Desmyter and De Greef (28) 
also determined that decalcification with EDTA produced the best results and obtained up 
to 90.1 ngDNA/gbone. 
In summary, there have been multiple proposed extraction procedures that have 
produced positive results. Since recovery of DNA from teeth is important in cases of 
mass disasters and high temperature environments, it is necessary to determine which 
combination of sample preparation and purification will produce the highest quality and 
quantity of DNA. 
1.4 Quantification 
 DNA quantification of unknowns is a necessity in forensic casework (30). Real-
time polymerase chain reaction (PCR) is the primary means by which forensic 
laboratories quantify the amount of DNA recovered from the sample. However, there are 
other means of quantification that are available, such as digital PCR (31). Since DNA 
garnered from tooth and bone can be low-copy, degraded, or in the presence of inhibitors, 
information pertaining to: 1) the successful extraction of DNA from the sample; 2) the 
quality of the DNA; and 3) potential inhibitory effects on downstream STR amplification 
would be of value. Thus, constructing a quantification assay that measures the DNA 
quantity and quality is necessary. This can be accomplished by examining the measured 
concentration of a small autosomal fragment and comparing it to the concentration of a 
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larger fragment, which is a technique regularly used to define the quality of RNA, a 
molecule susceptible to degradation (32).  
Recently, products using the concept of comparing a small and large autosomal 
region to determine quality of DNA have become commercially available (33). For 
example, the commercially available Quantifiler
®
 Trio kit uses TaqMan
®
 technology to 
perform multiplex quantitative PCR (qPCR). The small autosomal quantification target 
and the Y-chromosome target are short amplicons that are 80 and 75 bp in size, 
respectively, while the large autosomal target is 214 bp in size (33). Each target is 
multicopy; such that the genomic location is found on multiple autosomes or found 
multiple times on the Y chromosome. A validation study of this assay (33) demonstrated 
that the technique has a low limit of detection of 1 copy of DNA. Furthermore, when 
examining PCR inhibition, the Quantifiler
®
 Trio kit was shown to be resilient in the 
presence of inhibitors, producing results even in the presence of known inhibitors such as 
humic acid and hematin (33). The internal positive control (IPC) was also found to be 
useful in determining the presence of inhibitors. The IPC is a synthetic DNA sequence, 
130 bp in length, that is added to each reaction (33). If the cycle threshold (Ct) of the IPC 
is elevated, it serves as an indication that there may be an inhibitor present in the extract 
that is restricting amplification. During inhibition testing, the IPC Ct value was elevated 
in the presence of high concentrations on humic acid and hematin, as expected (33).  
Also of note is the testing completed on degraded samples, which demonstrated 
the utility of the small and large autosomal regions to determine the quality of the DNA 
obtained (33). A degradation index (DI) value was calculated by dividing the 
11 
concentration of the small autosomal region by the concentration of the large autosomal 
region. In non-degraded samples the average DI value was 0.7, while it increased to 2.81 
and 28.65 in low and medium degraded samples. A DI value was unable to be calculated 
for the highly degraded samples (33). Thus, a DI value ca. 1 indicates non-degraded 
samples, and a DI value > 1 indicates degraded samples. When using this quantification 
method, not only can the quantity of DNA be obtained, but the quality of the DNA 
recovered can be evaluated. This could prove valuable in determining whether samples 
ought to be processed through the entire DNA pipeline. Overall, the presence of DNA 
may not be sufficient evidence that the sample is of probative value if the DI value is 
large enough to suggest that the DNA may be highly degraded. 
1.5 Recovery of DNA from Teeth Exposed to High Temperatures 
In regards to hard tissue exposed to high temperatures, Rees and Cox (7) used the 
teeth of pigs (Sus scrofa) to examine burning effects on teeth at specific temperatures. 
Jaw segments were heated for 15 minutes at temperatures ranging from 150 °C to 600 °C. 
Three full-fleshed heads were incinerated for 15 minutes, while one head was burned for 
60 minutes at temperatures ranging from 450 °C to 850 °C. The tooth pulp was then 
removed for DNA extraction and post-PCR processing. 
Rees and Cox found (7) that the jaw segments were visibly unaffected by 
incineration for temperatures of 150 °C to 300 °C. At 375 °C, the enamel became brittle, 
and jaw segments started to char, while carbonization of the pulp started to occur at 525 
°C (7). Correspondingly, the mean DNA quantity recovered from these samples ranged 
from 19.52 µg for control samples to 0.147 µg for the samples burned at 525 °C, 
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suggesting amplifiable DNA can be acquired from specimens subjected to extreme 
conditions.  
In another study, Tsuchimochi et al. (24) used 5% Chelex
®
 extraction to examine 
the effects of temperature on teeth by burning the teeth in a dental furnace for 2 minutes 
at various temperatures from 100 °C to 500 °C. Five different Y-chromosomal loci were 
amplified, including DYZ3, DYS19, DYS389, DYS390, and DYS393. Tsuchimochi et 
al. (24) demonstrated that, at 300 °C, all teeth produced PCR products for each locus, 
except two samples at the DYS389 locus. The teeth exposed to this temperature were 
visibly similar to the control teeth with only slight dark coloration. Furthermore, at 400 
°C, most samples did not yield PCR products apart from one sample that produced types 
at the DYZ3 locus and two samples which produced types at the DYS389 locus. At 400 
°C, further discoloration of the teeth was observed, and at 500 °C, full carbonization had 
occurred demonstrating that once dark discoloration of the sample occurs, DNA is 
unlikely to be recovered (24).  
In comparison, Garriga et al. (34) burned teeth for 1, 5, 10, and 15 minutes at 
temperatures ranging from 100 °C to 700 °C and observed carbonization of teeth exposed 
to 100 °C for 10 minutes along with calcination of teeth at 400 °C for 5 minutes of 
exposure. Furthermore, upon STR amplification and fragment separation, few amplifiable 
results were obtained for samples burned at temperatures above 200 °C. High DNA yields 
were observed for controls samples (up to 60 µg/µL) and samples exposed to 100 °C (up 
to 31.8 µg/µL) (34). However, it was only after STR amplification that the apparent 
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quality of DNA could be observed on the electropherograms, suggesting the 
implementation of a quantification method that measures the degradation of the DNA 
recovered may be of value. 
Furthermore, it is necessary to determine if the coloration, as a result of 
combustion of the sample, can be useful during analysis. Fredericks et al. (35) 
investigated using a digital colorimeter as a diagnostic tool to determine the probability 
of DNA amplification by using burned bovine bone. Fredericks et al. (35) observed up to 
a 92% success rate of amplifying DNA for samples that were tan in color and exposed to 
200 °C. This study demonstrates that the color can be helpful in determining the 
probative value of a sample. However, it is still unclear if this correlation would be 
observed in human bones and other hard tissues, such as teeth. 
Though multiple studies have shown that sufficient quantities of DNA can be 
obtained from hard tissue exposed to heat, systematic studies that explore the impact of 
environmental conditions on the quality and quantity of the sample’s profile are still 
required. In addition, it is of interest to examine if the outward condition of the tooth can 
be utilized as a good predictor of DNA recovery and DNA quality. As such, the present 
research supplements the existing literature and evaluates the quality and quantity of teeth 
exposed to high temperatures. Focus was placed on the development of a full process for 
the extraction and quantification of DNA obtained from teeth subjected to temperatures 
of 100 °C to 600 °C for 10, 20, and 30 minutes. Further, relationships between visual 
outward characteristics of the tooth as a result of combustion, based on color, are 
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described in an attempt to evaluate if there is a mechanism by which DNA quality or 
quantity can be predicted prior to processing in the laboratory. 
2. Materials and Methods 
2.1 Phase 1: Development of Sample Processing Pipeline 
The present research made use of the TissueLyser II (QIAGEN, Hilden, 
Germany) to pulverize the tooth. As such, development and validation of a 
decontamination protocol was required. Subsequent to this, validation of DNA extraction 
was completed. Lastly, the protocol used to subject the samples to high heat conditions 
was developed and validated. The following sections (Section 2.1.1 to 2.1.2.5) detail the 
methods utilized to procure a DNA processing scheme designed to produce high fidelity 
signal from teeth. 
2.1.1 Decontamination of TissueLyser Containers between Samples 
 A TissueLyser II was used to pulverize whole teeth into a fine powder (18, 36). 
Prior to the use of this instrument, a decontamination procedure was developed to 
minimize DNA contamination between one sample and the next. To decontaminate the 
stainless steel containers, three cleaning/decontamination protocols were tested: Methods 
1, 2, and 3. DNA ExitusPlus™ (AppliChem, Darmstadt, Germany), a mild detergent, and 
70% ethanol were used as cleaning agents (37). To test for contamination, one set of 
stainless steel grinding jars was used to pulverize two dried sample swabs with 35 µL of 
blood (one swab in each jar), two blank swabs, two dried sample swabs with 35 µL of 
blood, and two blank swabs at 30 Hz for 1 minute. In between each sample and blank, 
one of the following cleaning protocols was used. Thus, a total of at least four sample 
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swabs and four blank swabs were extracted and quantified after pulverization. All 
samples were extracted using the QIAamp
®
 DNA Investigator Kit (QIAGEN, Hilden, 
Germany) and quantified using Quantifiler
®
 Trio (Applied Biosystems, Foster City, CA) 
using the manufacturer’s recommended protocols and an external validated calibration 
curve (36, 38, 39). 
2.1.1.1 Decontamination Protocol Method 1 
For decontamination Method 1, grinding jars were cleaned by adding 5.0 mL of 
DNA ExitusPlus™ to the stainless steel containers, adding the jars to the TissueLyser II, 
and shaking at 30 Hz for 5 minutes. The containers were dried with a sterile wipe to 
remove residual reagent. During testing of decontamination Method 1, completely 
saturated whole blood swabs were used. Following the observation of low yields of DNA 
uncharacteristic with the amount of sample used, the optimal sample amount of blood on 
the swabs was tested and determined to be 35 µL which was used for testing of 
decontamination Methods 2 and 3 (data not shown).  
2.1.1.2 Decontamination Protocol Method 2 
Decontamination Method 2 involved soaking the grinding jars in DNA 
ExitusPlus™ for 5 minutes and subsequently washing with a 5% Alconox (Alconox Inc., 
White Plains, NY) solution, 70% ethanol solution, and deionized water with tap water 
rinses in between each solution.  
2.1.1.3 Decontamination Protocol Method 3 
The final decontamination protocol, Method 3, involved increasing the amount of 
time the grinding jars were soaked in DNA ExitusPlus™ from 5 to 10 minutes followed 
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by washing with a 5% Alconox solution, 70% ethanol solution, and deionized water with 
tap water rinses in between each solution.  
2.1.2 Extraction of DNA from Teeth 
 Five different DNA extraction procedures were tested to determine which would 
recover maximal quantities of DNA. At least one tooth of unknown origin and condition, 
which was not exposed to heat treatment, was used for each extraction method. The teeth 
used for extraction were pulverized at 30 Hz for 1 minute with liquid nitrogen using the 
TissueLyser II. Following extraction, extracts were quantified using Quantifiler
® 
Trio. 
2.1.2.1 Extraction Protocol 1: QIAamp
®
 DNA Investigator Kit 
 Extraction of DNA from teeth was first completed with the QIAamp
®
 DNA 
Investigator Kit using the manufacturer’s Isolation of Total DNA from Bones and Teeth 
protocol (36). To complete the extraction, 100 mg of powder was weighed and used for 
downstream analysis. The elution volume for this extraction was 20 µL. 
2.1.2.2 Extraction Protocol 2: 72-Hour Demineralization 
 Extraction Protocol 1 was expanded by adding a 72-hour demineralization step, 
that involved adding 1.5 mL of 0.5 M EDTA to 100 mg of powdered tooth and overnight 
incubation at 37 °C (17). After centrifugation, the supernatant was discarded; 1.5 mL 
EDTA was again added to the sample and incubated at 37 °C overnight. This was 
repeated one more time for a total of three aliquots of 1.5 mL EDTA and three overnight 
incubations. Upon completion of the demineralization step, samples were centrifuged and 
the supernatant was removed; extraction was completed following the QIAamp
®
 DNA 
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Investigator Kit manufacturer’s protocol (36) as outlined in Section 2.1.2.1 with an 
elution volume of 20 µL. 
2.1.2.3 Extraction Protocol 3: AEP Extraction 
Extraction Protocol 3, which was similar to the AEP demineralization method 
used by Tsukada and Harayama (25), involved adding 300 µL of ATL buffer from the 
QIAamp
®
 DNA Investigator Kit (36), 300 µL 0.5 M EDTA, and 30 µL Proteinase K to 
100 mg of powder. The two samples were incubated overnight at 37 °C and 56 °C, 
respectively. Samples were then extracted following the QIAamp
®
 DNA Investigator Kit 
manufacturer’s recommended protocol subsequent to the overnight incubation (25, 36). 
The elution volume was 20 µL.  
2.1.2.4 Extraction Protocol 4: EP Extraction 
Extraction Protocol 4, which was similar to the EP demineralization method used 
by Tsukada and Harayama (25), involved adding 600 µL 0.5 M EDTA and 30 µL 
Proteinase K to 100 mg of powdered tooth without the addition of ATL buffer. Samples 
were incubated overnight at 56 °C. Extraction was completed using the QIAamp
®
 DNA 
Investigator kit manufacturer’s recommended protocol subsequent to the overnight 
incubation (25, 36). The elution volume was 20 µL.  
2.1.2.5 Extraction Protocol 5: Amicon
®
 Concentration and MinElute PCR 
Purification 
 Extraction Protocol 5 utilized Ultra-4/30K Amicon
®
 (EMD Millipore, Billerica, 
MA) concentrators to extract and concentrate the DNA (40). After grinding the entire 
tooth to a fine powder, 3.0 mL of Demineralization Extraction Buffer (0.5 M EDTA, pH 
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8.0, 1% N-Lauroylsarcosine) (Sigma-Aldrich, St. Louis, MO) and 200 µL of 20 mg/mL 
Proteinase K were added to the powder of the entire tooth. After a 48-hour incubation at 
56 °C with periodic vortexing, samples were concentrated using the Ultra-4/30K 
concentrators. The concentrated volume was then added to the MinElute PCR 
Purification Kit column for purification of the extracted product (41). The final elution 
volume was 30 µL (41).  
2.2 Phase 2: Temperature Exposure Study 
2.2.1 Sample Acquisition and Preparation 
 Once a sample processing scheme was developed, Phase 2 of the study 
commenced. In 2013, a sample of third molars was acquired by Dr. Kate Crowley of the 
Office of the Chief Medical Examiner, Boston, MA from multiple private practices with 
patient consent and was utilized during the course of this study (IRB Protocol #H-31626). 
Unbroken and unrestored upper and lower third molars with no evidence of tooth decay 
were collected, without regard to sex or ancestry, and were subsequently stored in a 
residential freezer. Upon completion of sample collection, teeth were transported to 
Boston University School of Medicine in an insulated container with ice packs. Teeth 
were stored in the insulated container in the freezer of the Biomedical Forensic Science 
Department at -30 °C until used. They were thawed at room temperature and the surface 
was scrubbed with a sterile wipe and a 10% bleach solution until there were no visible 
signs of tissue or blood. Each tooth was rinsed with 100% pure ethanol, then dried under 
UV light in a biological cabinet for 20 minutes rotating the tooth after 10 minutes. Each 
tooth was weighed and photographed.  
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2.2.2 Sample Conditions 
 To test the effects of heat on DNA extraction success, a total of three time points 
and seven temperature points were chosen. Four replicates were used at each time and 
temperature point. The specific conditions are presented in Table 1.  
 
Table 1. Experimental Set Up and Design. Number of replicate samples at each time and 
temperature point. Additionally, 4 samples were kept at room temperature (25 °C) and were not 
subjected to heat treatment. These samples did not have a time point. At all other temperatures, each 
time point had 4 replicates. 
Temperature  
10 minutes 
Time Points 
20 minutes 
 
30 minutes 
100 °C 4  4  4  
200 °C 4  4  4  
300 °C 4  4  4  
400 °C 4  4  4  
500 °C 4  4  4  
600 °C 4  4  4  
 
2.2.3 Sample Burning 
 Each sample was individually placed in a Thermocouple Furnace (Thermo Fisher 
Scientific, Waltham, MA) in high temperature resistant crucibles. Prior to subjecting the 
samples to high temperatures, the furnace was tuned, according to the manufacturer’s 
recommendations, to the appropriate temperature and load based on the amount and type 
of sample used (42). Crucibles were soaked in a 10% bleach solution for at least 24 hours 
and then rinsed with a 70% ethanol solution and deionized water. The crucibles were 
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dried with a sterile wipe. The oven was set to the proper temperature prior to adding 
samples. The teeth were added to the crucibles and furnace one at a time, and they were 
exposed to the appropriate temperature and time according to the experimental design 
summarized in Table 1. The samples were removed from the oven after the exposure time 
and allowed to cool to ambient temperature and placed in a clean, labeled conical tube 
until further processing. At this stage, the teeth were once more photographed and 
weighed.  
2.2.4 Sample grinding using TissueLyser II 
 As previously outlined, each grinding jar and ball set was cleaned by soaking in 
DNA ExitusPlus™ solution for 10 minutes with periodic shaking. The sets were then 
dried with a sterile wipe and rinsed with an Alconox solution, 70% ethanol, and 
deionized water in that order with rinses of tap water in between each solution. Each set 
was then dried with a sterile wipe.  
 Following the cleaning procedure, one tooth was added to each grinding jar. The 
grinding ball was added to the jar on top of the tooth and liquid nitrogen was poured into 
the vessel until the tooth and grinding ball were submerged. The liquid nitrogen was 
allowed to completely evaporate. Both grinding jar sets were loaded onto the TissueLyser 
II and shaken at 30 Hz for 30 seconds. The powder was removed from the jar and added 
to a 50-mL conical tube. The powder was weighed to determine the gross mass of the 
sample used for extraction. 
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2.2.5 Amicon
®
 DNA Extraction of Teeth 
 The entire amount of powder obtained, 3 mL of demineralization extraction buffer 
and 200 µL of 20 mg/mL Proteinase K were added to the 50-mL conical tube. Samples 
were incubated for 48 hours at 56 °C to demineralize the sample and release the DNA. 
After incubation, samples were centrifuged for 3 minutes at 8,500 rpm to separate the 
powder from the supernatant. The residual supernatant measured roughly 2 mL for each 
sample. A portion of the supernatant, 1.7 mL, was taken and added to a Ultra-4/30K 
Amicon
®
 concentrator to ensure 80% v/v recovery and to standardize the amount used for 
extraction/concentration. The concentrators were centrifuged at 4,000 x g for 40 minutes. 
The extract from the sample reservoir was transferred to a 1.5-mL microcentrifuge tube 
and the volume was recorded. Samples were then purified using the MinElute PCR 
Purification Kit (QIAGEN, Hilden, Germany): 500 µL of Buffer PB was added to the 
extract and vortexed. To ensure that the pH was in an appropriate range to allow DNA to 
bind to the column, the color of the mixture was confirmed to be yellow or close to the 
color of the Buffer PB. The extract solution was then transferred to the MinElute column 
and centrifuged for 1 minute at 10,000 x g. The collection tube was discarded and the 
column was added to a new collection tube. To wash the column, 750 µL of Buffer PE 
was added to the MinElute column and centrifuged for 1 minute at 10,000 x g. The flow 
through and collection tube were discarded; the column was added to a new collection 
tube. The tube was centrifuged at maximum speed for 1 minute to remove residual 
ethanol from the Buffer PE. The MinElute column was then added to a clean, labeled 1.5-
mL microcentrifuge tube: 30 µL of Buffer EB was added to the center of the membrane 
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and the column was allowed to sit for 1 minute. The column was centrifuged for 1 minute 
at maximum speed. The column was then discarded and the volume of the final extract 
was recorded. The final volume was then brought up to 30 µL using the EB buffer. 
Samples were stored at -30 °C until further use. 
2.2.6 Quantification  
 Quantification of the samples was conducted using the Quantifiler
®
 Trio Kit using 
the manufacturer’s recommended thermal cycling protocol along with a validated 
universal calibration curve on the Applied Biosystems
®
 7500 Real-Time PCR System 
(Applied Biosystems, Foster City, CA) (38, 39). The Ct values were used along with the 
validated calibration curve to calculate the concentration of the small autosomal, large 
autosomal, and Y target regions (38, 39). The Y target region was not evaluated for this 
study. The IPC values were examined for each sample by comparing the Ct value of the 
IPC to the acceptable range to determine if the sample possibly contained inhibitors. The 
degradation index was calculated by dividing the concentration of the small autosomal 
region by the concentration of the large autosomal region.  
3. Results and Discussion 
3.1 Phase 1: Development of Sample Processing Pipeline 
3.1.1 Optimization of Decontamination Protocol   
Table 2 shows the results of the three cleaning methods described in Section 
2.1.1. In the following section, the results obtained from the three cleaning methods are 
reviewed and justification for the choice of decontamination protocol is presented. To test 
for contamination in the grinding jars, blood swabs and blank swabs were shaken using 
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the TissueLyser II in alternate steps with a cleaning procedure in between consecutive 
shaking steps. The cleaning procedures used were decontamination Method 1, Method 2, 
and Method 3.  
 
Table 2. Decontamination Method 1, Method 2, and Method 3 are listed showing DNA concentration 
results, in nanograms per microliter (ng/µL), from both grinding jars for the small autosomal region 
(SA) and large autosomal region (LA). Samples (either blood swab or blank swab) are listed in order 
of processing, starting with a blood sample and then a blank sample with alternating between blood 
and blank samples to determine if any residual contamination was left in the grinding jars. Not 
applicable (NA) was used to designate any sample that was not completed due the determination that 
the method was unsuitable for cleaning of the grinding jars. Und. = Undetected. 
Sample Method 1 Method 2 Method 3 
 Jar 1 Jar 2 
 
Jar 1 
 
Jar 2 
 
Jar 1 
 
Jar 2 
 
 SA LA SA LA SA LA SA LA SA LA SA LA 
Blood 2.0E
-2 6.7E-3 0.12 0.10 9.83 9.04 13.60 13.86 14.72 14.54 13.13 13.50 
Blank 1.9E
-3 5.5E-4 1.3E-3 1.6E-3 1.9E-4 1.0E-4 1.0E-3 2.0E-4 Und. Und. Und. Und. 
Blood 7.2E
-3 9.3E-3 0.02 3.2E-3 7.93 8.41 5.57 5.80 9.11 9.86 4.77 5.44 
Blank Und. Und. Und. Und. Und. 3.7E
-5 1.9E-4 2.8E-4 Und. 8.2E-4 Und. Und. 
Blood 6.1E
-3 6.7E-3 0.05 0.06 NA NA NA NA 9.97 10.63 12.18 12.58 
Blank Und. 4.7E
-5 3.0E-4 5.1E-5 NA NA NA NA Und. Und. Und. Und. 
 
Table 2 summarizes the quantification results for each decontamination method. 
The samples are listed in order of processing. Each decontamination method is divided 
into results for grinding jar 1 and grinding jar 2. For each jar, the concentrations for the 
short autosomal (SA) region and the large autosomal (LA) region are listed. Not 
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applicable (NA) signifies that the corresponding decontamination method was not 
continued for these samples and testing was stopped. In these cases, when testing was 
stopped, it was determined that the decontamination method was unsuitable. Undetected 
(Und.) is designated for samples in which no Ct value was obtained. The elution volume 
for the extraction of these samples was 20 µL. Table 2 demonstrates that low recoveries 
of DNA were observed in an increased number of blank samples for both Methods 1 and 
2. Table 2 also establishes that, with only one blank sample showing detectable DNA, 
Method 3 is preferred over Methods 1 and 2. This is consistent with the finding described 
by Arena (43) in which the use of standard 10% bleach was compared to using the DNA 
Exitus solution on laboratory items, such as stainless steel scissors. The Exitus solution 
showed to be comparable to cleaning with bleach and demonstrated that, with an 
incubation time of 10 minutes, either no DNA was detected on the item or an 
insignificantly low concentration was obtained, which would not be able to be used for 
genotyping (43).  
Method 1 blood swabs were completely saturated with whole blood. From Table 
2, it can be seen that blood swabs for Method 1 show low yields of DNA that are 
uncharacteristic with the amount of sample used (44). Preliminary work was completed 
to determine the optimal sample amount of blood for the swabs (data not shown). It was 
determined that 35 µL was a suitable sample amount and this was used for the testing of 
Methods 2 and 3. The concentrations of the blood samples for Methods 2 and 3 show 
characteristic yields of DNA in regards to the starting amount (44). Thus, the Exitus 
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cleaning solution does not appear to affect the amplification of the DNA recovered from 
the blood swabs. 
 
Table 3. Cycle threshold values for the internal positive controls for each quantification assay are 
listed for each decontamination method and for the subsequent blood and blank swabs for each 
grinding jar. Samples (either blood swab or blank swab) are listed in order of processing starting 
with a blood sample and then a blank sample with alternating between blood and blank samples to 
determine if any residual contamination was left in the grinding jars. Not applicable (NA) was used 
to designate any sample that was not completed due the determination that the method was 
unsuitable for cleaning of the grinding jars. Acceptable range of IPC values was 25.4 - 31.2. 
Sample Method 1 Method 2 Method 3 
 Jar 1 Jar 2 Jar 1 Jar 2 Jar 1  Jar 2 
Blood 28.2 28.3 28.9 28.9 29.3 29.2 
Blank 27.8 27.8 28.0 28.0 28.2 28.1 
Blood 27.7 27.8 29.0 28.9 29.4 29.1 
Blank 27.8 28.0 28.1 28.0 28.0 28.0 
Blood 28.1 27.9 NA NA 29.4 29.4 
Blank 28.0 27.9 NA NA 28.1 28.0 
 
Table 3 summarizes the IPC cycle threshold values from quantification. The 
samples are listed in order of processing. Each decontamination method is divided into 
results for grinding jar 1 and grinding jar 2. Not applicable (NA) signifies that the 
corresponding decontamination method was not continued for these samples and testing 
was stopped because the method was determined to be unsuitable. The acceptable range 
26 
of IPC values is from 25.4 to 31.2. Table 3 demonstrates that the Ct value for the IPC in 
each quantification reaction was within the acceptable range and there is no evidence of 
inhibition in these samples. This is consistent with the findings described by Esser et al. 
(45), in which microcentrifuge tubes were coated with specific test DNA and then 
cleaned with the Exitus solution. After cleaning, control DNA was added to the tube and 
then amplified and analyzed using gel electrophoresis. Only the specific control DNA 
and not the test DNA was observed in the samples. The amplification of the control DNA 
signifies that the DNA was not being inhibited and the absence of the test DNA 
demonstrates that the Exitus solution was efficiently removing unwanted DNA (45). 
Thus, the IPC results from the current study demonstrate that the samples are not 
inhibited and that the Exitus solution is not inhibiting the samples after cleaning. 
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Table 4. Degradation Index (DI) is shown for the blood and blank swabs in the order of processing 
for the three different decontamination protocols. Each method is divided by grinding jar. (Und.) or 
undetected, indicates that the sample did not produce results for either the long autosomal region, 
short autosomal region or both, preventing the calculation of a DI.  Not applicable (NA) was used to 
designate any sample that was not completed due the determination that the method was unsuitable 
for cleaning of the grinding jars. A DI of less than 1 signifies that the sample is not degraded. 
Sample Method 1 Method 2 Method 3 
 Jar 1 Jar 2 Jar 1 Jar 2 Jar 1 Jar 2 
Blood  2.9 1.2 1.1 0.98 1.01 0.97 
Blank 3.4 0.79 1.8 5.0 Und. Und. 
Blood 0.77 6.5 0.94 0.96 0.92 0.88 
Blank Und. Und. Und. 0.69 Und. Und. 
Blood 0.91 0.79 NA NA 0.94 0.97 
Blank Und. 5.7 NA NA Und. Und. 
 
Table 4 summarizes the DI values calculated by using the concentrations of the 
small autosomal (SA) and large autosomal (LA) regions for each sample. The samples 
are listed in order of processing. Each decontamination method is divided into results for 
grinding jar 1 and grinding jar 2. Not applicable (NA) was used to designate any sample 
that was not completed. Undetected (Und.) was used to designate samples which did not 
produce results for the concentration of the LA, SA, or both regions, preventing the 
calculation of a DI. 
Table 4 demonstrates that the DI values for Method 1 are not in alignment with 
Holt et al. (33), however, due to the oversaturation of the swab with blood. This was 
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investigated further and it was determined that a value of 35 µL of blood was suitable for 
extraction. The blood swab DI values for Methods 2 and 3 are consistent, in which the DI 
values of non-degraded samples are expected to be 1.0 or below 1.0 in practice because 
of the tendency of the LA region to give higher quantification results (33). Table 4 
demonstrates that for Methods 1 and 2, a DI could still be calculated for the blank swabs. 
Only Method 3 has appropriate DI values for the blood swabs and incalculable DI values 
for the blank swabs. The absence of DI values for the blank swabs using Method 3 is also 
consistent with the findings of Holt et al. (33), which demonstrate that, when there is no 
DNA detected from the LA or SA regions, a DI value cannot be calculated. 
Decontamination Method 1 was determined to not be a viable option for removing 
contamination between consecutive grinding steps as low concentrations of DNA were 
detected on the blank swabs. It was hypothesized that the grooves where the jars screw 
together were not being cleaned and thus the DNA was subsequently transferred to the 
clean swabs. For decontamination Method 2, low recoveries of DNA were observed from 
the blank swabs, and hence this cleaning procedure was thought to be unfit for the 
decontamination of the grinding jars. 
 For decontamination Method 3, apart from one sample with a low DNA 
concentration of the LA region, no DNA was detected on the blank swabs. The blood 
swabs all had DI values consistent with non-degraded samples and expected DNA 
concentrations were observed. These results show that there is minimum cross-
contamination from the grinding jars if they are thoroughly cleaned, and therefore one 
can be confident that any signal that is detected is from the sample being analyzed and 
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not from a previous one. Furthermore, since the blood samples show no indications of 
degradation when evaluating the degradation indices, we can be confident that the use of 
DNA ExitusPlus™ is not degrading the DNA during the milling process. Due to the 
aforementioned considerations, decontamination Method 3 was used as the 
decontamination method of choice.  
3.1.2 Extraction of DNA from Teeth 
A total of five DNA extraction procedures were investigated on at least one tooth 
each. Extraction Protocol 1 was a silica-based column extraction; Extraction Protocol 2 
was a silica-based extraction with a 72-hour demineralization period. Extraction 
Protocols 3 and 4, the AEP and EP methods respectively, utilized a silica-based column 
for extraction with the addition of EDTA to the lysis step. Lastly, Extraction Protocol 5 
involved lysis in a demineralization extraction buffer followed by concentration and 
purification. Table 5 summarizes the IPC value for each practice tooth sample with 
regards to the extraction protocol utilized. Table 5 demonstrates that all of the Ct values 
for the IPCs were within the acceptable range, showing that there was no evidence of 
inhibition, even for Extraction Protocols 1 through 4, which did not yield recoverable 
DNA (33). 
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Table 5. The Cycle Threshold (Ct) value for the Internal Positive Control of each sample is listed with 
regards to the extraction option utilized. Not applicable (NA) indicated that extraction and/or 
quantification was not completed. The acceptable range of IPC values for Extraction Protocols 1 
through 4 was 25.4 to 31.2. The acceptable range of IPC values for Extraction Protocol 5  was 25.91 to 
30.43. 
Sample Extraction 
Protocol 1 
Extraction 
Protocol 2 
Extraction 
Protocol 3 
(37 °C) 
Extraction 
Protocol 3 
(56 °C) 
Extraction 
Protocol 4 
Extraction 
Protocol 5 
Test 
 Tooth 1 
28.1 28.1 28.1 NA NA 28.1 
Test 
 Tooth 2 
NA NA NA NA NA 30.1 
 
Table 6 summarizes the extraction method with regards to the concentration 
obtained for the LA and SA regions and also the DI value, if possible. Undetected, or 
(Und.), signifies that no DNA was detected. Incomplete (Inc.) was used to designate any 
sample that was unable to be carried through the entire purification process. For some 
samples, upon addition of ethanol, a required reagent, particulates began to form in 
solution resulting in the incompletion of the purification process. Table 6 demonstrates 
that Extraction Protocol 1, 2, 3, and 4 were not successful in recovering DNA from teeth 
that had not been subjected to heat treatment. The table also demonstrates that Extraction 
Protocol 5 was the only option that successfully recovered DNA from the test teeth. 
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Table 6. Extraction Protocol with regards to the concentration of the small autosomal region, the 
large autosomal region, and the calculated DI value. Undetected (Und.) indicates no DNA was 
detected. Not applicable (NA) indicates that the value was unable to be calculated or testing was not 
conducted. (Inc.) or incomplete indicates that solidification of the sample during the extraction 
process made the sample unworkable and extraction was not completed. All concentration values are 
in nanograms per microliter (ng/µL). The DI value has no units.  
Sample  Extraction 
Protocol 1 
Extraction 
Protocol 2 
Extraction 
Protocol 3 
(37 °C) 
Extraction 
Protocol 3 
(56 °C) 
Extraction 
Protocol 4 
Extraction 
Protocol 5 
Test 
 Tooth 1 
LA Und. Und. Und. Inc. Inc. 0.006 
SA Und. Und. Und. Inc. Inc. 0.11 
DI NA NA NA NA NA 18.4 
Test 
Tooth 2 
LA NA NA NA NA NA 82.3 
SA NA NA NA NA NA 114.3 
DI NA NA NA NA NA 1.4 
 
Extraction Protocol 1 was used to extract DNA from powdered tooth. The tooth 
was cleaned and ground as outlined in Section 2.1.2. A portion of the sample, 100 mg, 
was extracted with the QIAamp
®
 DNA Investigator Kit using the manufacturer’s 
Isolation of Total DNA from Bones and Teeth protocol (36) and then quantified. The 
results of the current study do not align with the findings of Tsukada and Harayama (25) 
in which they obtained up to 0.057 ng/µL of DNA when examining tooth samples buried 
in soil for over 60 years. 
Thus, Extraction Protocol 2 was used to determine if a 72-hour demineralization 
step would result in improved DNA extraction results. A 100-mg portion of the powdered 
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tooth and 1.5 mL of 0.5 M EDTA were incubated at 37 °C for approximately 72 hours. 
After each 24-hour incubation, the sample was centrifuged and the EDTA was discarded 
and a fresh aliquot of EDTA was added to the sample. The results from quantification 
demonstrate that no viable DNA was detected. Intriguingly, these results are not 
consistent with those described by Pajnič (17), where the author was able to successfully 
extract 55 ngDNA/gtooth using this procedure coupled with a silica-based magnetic bead 
extraction protocol.  
 Extraction Protocol 3, which is based upon the methods described by Tsukada 
and Harayama (25), was attempted. Briefly, 100 mg of powdered sample was incubated 
in 300 µL of Buffer ATL, 300 µL of 0.5 M EDTA, and 30 µL of Proteinase K at 37 °C or 
56 °C for 24 hours. The sample incubated at 37 °C did not yield any DNA. The sample 
incubated at 56 °C was not taken through to purification since upon addition of ethanol, a 
required reagent, particulates began to form in solution. Given that the downstream 
purification step utilized during the course of this study was column-based, the 
particulates were expected to clog the pores, rendering successful purification highly 
unlikely. These results are in contrast to those presented by Tsukada and Harayama (25), 
where they obtained concentrations of up to 0.292 ng/µL from teeth that were exposed to 
soil for over 60 years.  
 Extraction Protocol 4, which is based on another protocol described by Tsukada 
and Harayama (25), which involved the addition of 600 µL of 0.5 M EDTA and 30 µL of 
Proteinase K to 200 mg of tooth powder with an overnight incubation at 37 °C. Instead of 
the prescribed 37 °C by Tsukada and Harayama (25), the present study used an 
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incubation at 56 °C. The remainder of the protocol followed the typical silica column-
based extraction protocol. Similar to Extraction Protocol 3, the sample produced white 
particulates during extraction. This method, therefore, was not explored further. These 
results are in contrast to those presented by Tsukada and Harayama (25), where using a 
similar method, they obtained concentrations of up to 0.1928 ng/µL from teeth that were 
exposed to soil for over 60 years. 
 Extraction Protocol 5 was developed based upon the Armed Forces DNA 
Identification Laboratory’s (AFDIL) protocol for extracting DNA from bones and teeth 
(27, 29, 40), where it is suggested that taking the bone or tooth powder through total 
demineralization is beneficial to extract the DNA that is present. Unlike the 
aforementioned methods, all the powder garnered from the tooth is used. For every gram 
of powder, 15 mL of demineralization extraction buffer (EDTA 0.5 M, 1% Lauryl-
sarcosinate) is added along with 200 µL of 20 mg/mL Proteinase K (27). This solution 
was incubated overnight at 56 °C. While Loreille et al. (27) used an organic extraction 
and sample concentration, the present study used a concentrator and 
adsorption/desorption purification (40). Therefore, unlike previous trials, all of the 
powder was added to a 50-mL conical tube along with 3 mL of demineralization 
extraction buffer and 200 µL of 20 mg/mL Proteinase K (40). The samples were 
incubated at 56 °C for 48 hours with periodic vortexing.  
 Quantification results using this protocol yielded positive results of up to 114.3 
ng/µL of DNA as demonstrated in Figure 6. This is consistent with the findings of 
Jakubowska et al. (29), in which they obtained an average of 14,926.37 ng of DNA from 
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500 mg of bone powder using a similar extraction method. Thus, Extraction Protocol 5 
was determined to be robust enough for the purposes of this work and was used for the 
entirety of the experiment.   
3.2 Phase 2: Temperature Exposure Study 
3.2.1 Color Value of Heat Treated Samples 
 In the present study, 72 teeth samples were subjected to heat treatment, and 4 did 
not undergo any heat treatment and were used as controls. Each of the heat-treated 
samples was exposed to either 100, 200, 300, 400, 500, or 600 °C for 10, 20 or 30 
minutes. After heat treatment, each tooth was photographed and assigned a color 
designation, or value, to relate the stage of combustion to a number value. An example 
for each color category is shown in Figure 2.  
35 
 
Figure 2. Examples of color values. A) A color value of 1 (light yellow to beige or natural coloration). 
B) A color value of 2 (yellow to orange or the early stages of carbonization). C) A color value of 3 
(brown or further carbonization). D) A color value of 4 (shiny black or full carbonization). E) A color 
value of 5 (black to light gray start of calcination). 
  
Light yellow to beige (normal coloration) was assigned a value of 1; dark yellow 
to orange (early stages of carbonization) was assigned a value of 2; brown (further 
carbonization) was denoted by a 3; shiny black (full carbonization) was assigned a value 
of 4; and black to light gray (start of calcination) was assigned a value of 5 (10).  
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Table 7. The number of times a color designation was given for each time and temperature. The first 
number is the color value; the second number in parentheses is the number of replicates at the 
specific color value. A color value of 1 = light yellow to beige, 2 = yellow to orange, 3 = brown, 4 = 
shiny black, 5 = black to light gray. 
Time  100 °C 200 °C 300 °C 400 °C 500 °C 600 °C 
10 minutes 1(4) 1(4) 2(1) 
3(3) 
4(4) 5(4) 5(4) 
20 minutes 1(4) 1(3) 
2(1) 
4(4) 4(4) 5(4) 5(4) 
30 minutes 
 
1(4) 2(4) 4(4) 4(4) 5(4) 5(4) 
 
Table 7 summarizes the number of times a color designation was assigned at each 
time and temperature combination. At 100 °C, all samples, regardless of time, were given 
a color value of 1. At 200 °C, at 10 minutes all the samples were assigned a color value 
of 1; at 20 minutes there was an increase to a value of 2 for one sample; and for 30 
minutes all the samples were assigned a value of 2. At 300 °C, there was an increase in 
color value from 2 to 3 at 10 minutes, with 3 samples being assigned a value of 3; at 20 
minutes and 30 minutes, there was also an increase of the color value and all samples 
were assigned a value of 4. At 400 °C and above, all samples, regardless of time, were 
assigned values of 4 or 5. In addition, the four control samples, which were kept at 25 °C, 
were all assigned a color value of 1. 
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Figure 3. Proportion of samples at each temperature that were assigned with a value of 1 - 5. Each 
value is designated by a different color: (  ) = 1, (  ) = 2, (  ) = 3, (  ) = 4, (  ) = 5 
 
Figure 3 summarizes the proportion of samples at each temperature that were 
assigned with each of the five color values and demonstrates that teeth exposed to ≤ 100 
°C will likely result in little to no color change. At 200 °C, the effects of temperature on 
the appearance of the tooth are visible, wherein 60% and 40% of the teeth subjected to 
temperatures of 200 °C resulted in beige/light yellow coloration and dark yellow/orange 
coloration, respectively. Teeth subjected to 300 °C were most varied in their appearance 
wherein the colors ranged from yellow to shiny black. At 400 °C, all of the samples were 
black, while temperatures exceeding 500 °C resulted in beginning calcination.  
These results are inconsistent with the findings described by Garriga et al. (34), 
who reported that teeth became dark appearance when exposed to temperatures as low as 
100 °C for 10 minutes. Of note is that Garriga et al. (34) also observed a chalky white 
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appearance to the teeth after being exposed to 400 °C for 5 minutes. A chalky white 
appearance (full calcination) was not observed in the current study and therefore was not 
considered in the value scale. However, the results of the present study are consistent 
with the findings of Tsuchimochi et al. (24), in which dark coloration or carbonization 
was not observed until burning at 500 °C for 2 minutes. Similarly, samples burned at 100 
and 200 °C were beige to yellow/orange in color, which is consistent with the findings of 
Tsuchimochi et al. (24). Furthermore, the results of the present study are similar to those 
of Beach et al. (14), who also demonstrated that the temperature of exposure seemed to 
have a larger effect on the appearance of the tooth than time of exposure. Beach et al. 
(14) indicated that at 204 °C, teeth were light yellow in coloration. At 371 °C, teeth were 
dark grayish brown with a glossy appearance, and at 593 °C, the teeth were gray to white 
in appearance, indicating carbonization and calcination, respectively (14). Notably, the 
observations herein follow the characteristic color changes associated with the 
combustion processes and are in alignment with the temperature ranges of these stages as 
determined by previous studies (12, 14-16). 
3.2.2 Internal Positive Control Cycle Threshold  
 Tooth tissue has an increased abundance of inhibitors in comparison to other 
tissues, which includes the well-known compounds calcium and collagen (29). If these 
are co-extracted with the DNA, inhibition can occur (46). The agents will not only inhibit 
the amplification of the DNA but also the IPC, resulting in increased cycle threshold 
values (33). The resulting Ct, values were plotted for each burning temperature and 
evaluated against the acceptable range of Ct values as shown in Figure 4. 
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Figure 4. Ct values for the Internal Positive Controls of each sample at each temperature for all time 
points. RB = reagent blank and NEG = quantification negative. The upper line is the upper limit of 
the acceptable range for the IPC (30.43). The lower line is the lower limit of the acceptable range for 
the IPC (25.91). 
 
Figure 4 summarizes the Ct value of the IPC of each sample with regards to the 
temperature to which each sample was exposed. The Ct values for the reagent blanks 
(RB) and the quantification negative (NEG) are also depicted. The upper and lower lines 
represent the upper and lower limits of the acceptable range for the Ct value of the IPC, 
which are 25.91 to 30.43. Figure 4 shows that, with the exception of a single sample, all 
samples resulted in IPC Ct’s in the acceptable range demonstrating the absence of 
inhibitory effects. The one sample in which the IPC Ct was elevated and out of range was 
a control sample that resulted in a DNA concentration of 166.3 ng/µL with a degradation 
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index of 1.04. When an elevated concentration of DNA (>5 ng/µL) is present in a sample, 
there can be competition between the human autosomal region and/or male-specific 
region reactions and the IPC reactions (38). The increased amount of DNA may suppress 
the amplification of the IPC, resulting in an increased Ct. This phenomenon could be the 
cause of the increased IPC Ct, and not necessarily the presence of inhibitors.  
3.2.3 The Percent Weight Loss of Tooth Mass, Post-Burning 
 The mass of each tooth was recorded prior to and following heat treatment. The 
percent mass loss was calculated for each tooth by dividing the difference between the 
initial mass of the heat-treated tooth and the mass post-burn by the initial mass.  
 
Figure 5.  Percent mass loss at the different temperatures and times of exposure. The different 
symbols represent the different time points. (  ) = 10 minutes, (  ) = 20 minutes, ( X ) = 30 minutes 
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Figure 5 summarizes the percent mass loss with respect to temperature and time 
of exposure. An increase in mass loss is observed as the temperatures increase from 100 
°C to 500 °C when samples are burned for 10, 20, and 30 minutes. However, at 600 °C 
there are samples in which percent mass loss is smaller when compared to some 500 °C 
samples. Furthermore, as the temperature increases there seems to be more variation in 
the percent mass loss within a set temperature. Temperatures up to 400 °C show little 
variation in the percent mass loss; for 500 °C and 600 °C, the variability of mass loss 
increases.  
Figure 5 demonstrates that there is an increase in mass loss as the temperature 
increases. There is also an increase in variation in the percent mass loss for 500 °C and 
600 °C. Figure 5 also illustrates that the exposure time within a temperature does not 
substantively affect the percent mass loss. These results are consistent with the findings 
of Rees and Cox (7) on the molars of Sus scrofa who reported an increase in percent mass 
loss with temperature. Furthermore, they found that the largest mass loss of 37.3% 
occurred at 525 °C for 15 minutes, which is consistent with the percent mass loss for the 
teeth exposed to 500 and 600 °C in the present study.  
3.2.4 Amount of DNA per mass of tooth 
 The concentration of DNA obtained from quantification and the recorded amount 
of tooth powder utilized for extraction were used to calculate the mass of DNA per mass 
of tooth (ngDNA/mgtooth). The elution volume of 30 µL was used for the calculation. The 
mass of DNA per mass of tooth was plotted verses the temperature as shown in Figure 6. 
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Figure 6. Mass of DNA recovered per mass of tooth (ngDNA/mgtooth) for the different temperatures of 
exposure (25 °C – 600 °C) and the different time points: 10 minutes (  ), 20 minutes (  ), 30 minutes 
( X ), and no exposure time (  ). 
  
Figure 6 summarizes the mass of DNA per mass of tooth with respect to the 
temperature and time. Figure 6 shows that after exposure to a temperature of 200 °C there 
is a drastic decrease in the amount of DNA recovered with regards to the amount of 
starting material. Furthermore, the length of exposure generally does not affect the 
amount of DNA recovered, apart from the samples exposed to 200 °C for 30 minutes. 
These samples show a decrease in DNA mass recovered when compared to the other 
samples exposed to the same temperature for shorter periods. Furthermore, at 300 °C and 
above, not all samples gave positive quantification results. As can be observed from 
Figure 6, only 4 out of 12 samples showed quantification results for 500 °C and 4 out of 
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12 samples for 600 °C. This resulted in fewer data points at the increased temperatures, 
with some time and temperature points not giving any results. Moreover, from 300 °C to 
600 °C, the range of values for the mass of DNA recovered are similar. There appears to 
be no change in the mass of DNA recovered with regards to the amount of starting 
material from 300 °C to 600 °C.  
Comparing these values to the values obtained for Sus scrofa teeth, there is little 
concordance. Rees and Cox (7) obtained an average of 19.52 µg of DNA from the Sus 
scrofa teeth at room temperature. In the current study, the maximum amount of DNA 
recovered from a control tooth at room temperature was 5.0 µg. The difference between 
the DNA recovered from the species appears to be too large to accurately correlate the 
amount of DNA recovered. The morphology and amount of DNA in the Sus scrofa teeth 
may be vastly different from that of human teeth, rendering a comparison of the two 
impractical.  
 However, these results are consistent with the findings of Pajnič et al. (18), who 
reported a recovery of up to 94 ngDNA/gtooth from teeth exposed to soil for multiple 
decades. In the present work, it was determined that, for the control teeth, the range of 
DNA recovered was 268.9 ngDNA/gtooth to 3,900 ngDNA/gtooth. At 100 °C, the range of 
DNA recovered was from 65.7 ngDNA/gtooth to 1021.3 ngDNA/gtooth. Even when comparing 
results in which the teeth were exposed to different environmental factors that could 
cause DNA degradation, such as high temperatures or burial, the ranges of DNA 
quantities overlap, indicating that the quantity of DNA obtained from the current study 
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are comparable to amounts recovered from samples exposed to different environmental 
elements.  
 These results are also consistent with the results obtained by Garriga et al. (34), in 
which quantification results were obtained for samples exposed to temperatures of up to 
700 °C. The control samples for their experiment gave positive quantification results of 
up to 60 µg/mL of DNA. High yields of up to 31.8 µg/mL were obtained for samples 
exposed to 100 °C. While from 200 °C to 700 °C, the quantification results demonstrated 
low yields below 1 µg/mL (34). These results are consistent with the present work and 
show that, starting at 200 °C, the quantity of the DNA obtained will start to decrease.  
3.2.5 Relevance of the Color Value on the Mass of DNA Recovered 
 Teeth exposed to temperatures through 200 °C seem to be viable for DNA 
analysis; however, an analyst will not typically have estimates of temperatures, and 
therefore assigning success to physical characteristics of teeth, such as color, may be of 
value. As such, a color value was assigned to each tooth to put a numerical value to the 
stage of combustion observed. A plot of the color value verses the mass of DNA per mass 
of tooth (ngDNA/mgtooth) is shown in Figure 7. 
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Figure 7. Mass of DNA per mass of tooth (ngDNA/mgtooth) in regards to color value assigned to each 
tooth and the temperature at which each tooth was exposed: 25 °C (  ), 100 °C (  ), 200 °C (  ), 
300 °C ( X ), 400 °C (  ), 500 °C (  ), and 600 °C ( + ). Color value of 1 - light yellow to beige, 2 - dark 
yellow to orange, 3 - brown, 4 - shiny black, and 5 - black to light gray.  
 
Figure 7 summarizes the mass of DNA recovered per mass of tooth with regards 
to the temperature of exposure and the color value assigned to each tooth after exposure. 
Samples at ambient temperature, 100 °C, and some samples at 200 °C were given lower 
color values and yielded higher recoveries of DNA. Similarly, the figure also 
demonstrates that all samples that showed higher recoveries of DNA were assigned color 
value of 1 or 2 and were light in color, i.e., beige to orange in coloration. The higher 
recoveries of DNA were from samples at room temperature, 100 °C and 200 °C. The 
color values of the low recovery samples were generally a 3, 4 or 5 meaning that the 
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samples had begun carbonization or calcination (brown and black to gray) and 
corresponded to samples subjected to temperatures at or exceeding 300 °C. However, 
there was one sample that had a lower recovery of DNA at 300 °C that was given a color 
value of 2. This tooth was the first replicate of the teeth burned at 300 °C and was burned 
for 10 minutes.   
These results are consistent with Tsuchimochi et al. (24), in which DNA was 
recovered from teeth exposed to up to 300 °C for 2 minutes, and they observed minimal 
discoloration with the samples from which results were obtained. It was also noted that, 
at 400 °C and 500 °C, full carbonization or dark discoloration of the teeth was observed 
resulting in negative amplifiable and typed results.  
Contrary to the results obtained from the present study, Garriga et al. (34) 
observed darkening and blackening of the tooth with exposure to 100 °C for 10 minutes. 
It was also found that exposure at 400 °C for 5 minutes caused the tooth to become a 
white chalky color, i.e. calcination, which was not observed in any tooth from the current 
study. Furthermore, the concentrations of DNA obtained Garriga et al. (34), were all less 
than 1 µg/mL for all samples above 100 °C as well as for samples exposed to 100 °C for 
10 and 15 minutes. However, it is important to note that the results of Garriga et al. (34) 
are in concordance with the current study when comparing the visual appearance of the 
tooth to the amount of DNA recovered. For samples in which there was a darkening of 
the appearance of the tooth, less than 1 µg/mL of DNA was obtained. For samples 
exposed to increased temperatures that visually looked light beige in color, high yields of 
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up to 31.8 µg/mL of DNA were obtained (34). This further strengthens the proposed 
screening method of using a color value to determine the temperature of the burn and 
probative value of burned samples. From the current data set, it is suggested that only 
samples with beige, yellow or orange coloration should be submitted for DNA 
processing. Any samples with a brown, black or gray coloration will likely result in 
extremely low amounts of DNA and could give undetectable results from quantification. 
3.2.6 Degradation Index  
 Many studies have investigated how to obtain DNA from teeth exposed to a 
variety of treatments (2, 18, 24-26, 34). However, a gap still remains in evaluating the 
quality of the DNA obtained from these difficult samples. It is not time or cost efficient 
to take non-probative samples through to STR amplification. By evaluating a DI value, 
unnecessary STR amplification can be avoided for non-probative samples. For each 
sample giving results for both the large and small autosomal regions, a DI value was 
calculated by dividing the concentration of the small autosomal region by the large 
autosomal region. The DI value was plotted verses the temperature with symbols 
indicating the time of burn as shown in Figure 8.  
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Figure 8. Degradation index of teeth samples with regards to temperature of exposure and time of 
exposure: 10 minutes (  ), 20 minutes (  ), 30 minutes ( X ), and no exposure time (  ). DI values 
are shown only for samples in which they were able to be calculated. 
  
Figure 8 summarizes the DI value of each sample in which a DI value was able to 
be calculated. Figure 8 demonstrates that, as the temperature and time increase, the DI 
value also increases. This can be observed best when examining the samples exposed to 
200 °C. As temperature increases, there is also an increase in the variation of the DI 
value. At room temperature, the range of DI is from 0.96 to 5.1. The range of DI for 
samples exposed to 100 °C temperatures is from 0.65 to 24.9. However, a majority of the 
samples still had a DI of below 1, suggesting no degradation. This is consistent with the 
results of Holt et al. (33), in which during the validation of Quantifiler
®
 Trio, example 
casework samples were analyzed including bone and tooth extracts with DI values of 
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5.68 and 16.1, respectively, indicating that it is possible that the tooth itself can be the 
cause of variability in the quantity and quality of DNA. It can be concluded that at 100 
°C it is still possible to obtain high quality DNA. The four samples at this temperature 
with the increased DI are all from different times of burning. It appears that the length of 
exposure does not play a part in the DI value at 100 °C and that the variability among 
teeth may be the factor increasing the DI value.  
When examining the 200 °C data, it is apparent that the time and temperature is 
affecting the DI value. Figure 8 shows that, at 10 minutes, the DI values are relatively 
close to 1. At 20 minutes, the range of the DI values starts to increase, and only one 
sample gave results for both the large and small autosomal regions at 30 minutes. At this 
temperature, the effect that the heat is having on the quality of DNA obtained is 
observed. At this increased temperature, the longer the sample is exposed, the more 
highly degraded the DNA obtained (if any) will be. Apart from one sample at 600 °C 
with a DI of 3.25, past 200 °C only small autosomal regions were able to be amplified, 
and therefore no DI could be calculated.  
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Figure 9. Degradation index of teeth samples with regards to color value and temperature of 
exposure: 25 °C (  ), 100 °C (  ), and 200 °C (  ). DI values are shown only for samples in which 
they were able to be calculated. 
 
Figure 9 summarizes the DI value of each sample for which a DI value was able 
to be calculated with regards to color value and temperature. Figure 9 demonstrates that 
all samples, apart from two, in which a DI was able to be calculated were assigned a 
color value of 1 (normal coloration). This suggests that the majority of samples producing 
amplifiable results of good quality would be assigned a color value of 1 or, in a few 
cases, a value of 2. Furthermore, it was noted previously that all samples burned at 100 
and 200 °C were designated with a color value of either a 1 or a 2. When integrating the 
information of color value, amount of DNA recovered, and DI value, a systematic 
approach to sample selection can be developed. Samples designated with a color value of 
1 had higher recoveries of DNA and in general had lower DI values that are consistent 
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with values for non-degraded or low degradation samples. Samples designated with a 
color value of 2 still gave positive quantification results. However, the DI values of these 
samples were larger or unable to be calculated. The results indicate that it is possible to 
determine a general opinion as to the probative value of a DNA sample based on 
coloration and stage of combustion. The results suggest that only teeth with a beige, 
yellow, or orange coloration are likely to yield tenable results. Samples that have gone 
through carbonization and calcination are not as suitable for DNA analysis. Furthermore, 
evaluation of the quantification results and calculation of a DI value may be critical in 
determining the probative value of a sample. If the sample is selected after observation 
and designation of a color value, the DI value calculated from quantification can help to 
further minimize the amount of non-probative samples that are carried forward in the 
DNA-processing pipeline. Using this scheme increases the likelihood of utilizing 
probative samples and makes identification of human remains a more streamlined 
process.  
4. Conclusions 
 The results of this study show that the quickest indicator of obtaining high quality 
DNA from burnt teeth is the duration and intensity of the thermal alterations, which 
correspond to the color change of the tooth as a result of combustion. In forensic 
situations, such as those of September 11, 2011, one cannot know the duration of the burn 
or the exact temperature of exposure (2). Because these are unknown, it is important to 
have an indicator, such as color, to estimate the success rate of obtaining high fidelity 
DNA from these samples in order to make more efficient sampling choices. This is 
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especially crucial given the magnitude of some mass disasters and the need for rapid 
identification (1-3). 
This type of research is necessary in order to streamline the process of mass 
disaster identification. Mass disasters, including the World Trade Center attack and the 
crash of American Airlines Flight 587, indicate the importance of having a successful and 
efficient procedure for obtaining DNA from hard tissue (2). Furthermore, in cases such as 
a fatal fire in December 1998 or a tsunami in South East Asia in December 2004, 
conventional means of identification were not always successful or accurate, resulting in 
DNA analysis being the only tool available for correct identifications (1, 3). DNA 
processing in these situations was crucial to identifying the individuals involved. 
The results of the present research show that the stage of combustion of the tooth, 
as indicated by its coloration, has a high correlation with the amount and quality of DNA 
obtained. The highest recovery rates were from teeth with a color value of either 1 or 2, 
indicating normal coloration or relatively little change from normal coloration. These 
teeth were samples exposed to either room temperature, 100 °C or 200 °C. At 300 °C and 
above (color values of 3, 4, and 5, which demonstrate carbonization and beginning 
calcination), the amount of DNA recovered decreased drastically as a result of the 
combustion process. Some samples at and above this temperature gave no quantification 
results. The DI value results indicate that when the temperature is at or below 100 °C one 
can be fairly confident that the quality of the DNA will be high, with a DI value relatively 
close to 1. At 200 °C, the temperature begins to affect the DI value, and the DI value 
increases with time to the point where a DI value is no longer able to be calculated. When 
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combining the color value, quantity, and quality of DNA, the results show that when the 
tooth has a color value of 1, which indicates room temperature, 100 °C, or some 200 °C 
samples, the quantity and quality of the DNA obtained will be high. Once the color value 
rises to a 2, the quantity and quality of the DNA can vary greatly and the probative value 
of the sample is likely diminished.  
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